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In response to ultraviolet radiation (UVR), skin
keratinocytes increase expression of heat shock proteins
that can protect cells from stress-induced damage. This
heat shock response is known to be transcriptionally
regulated in eukaryotic cells exposed to certain forms of
environmental stress. In the skin, absorption of ultraviolet
B light occurs primarily in the epidermis, and therefore,
using primary cultures of normal human epidermal
keratinocytes, we have examined whether transcrip-
tional activation of the hsp72 gene occurs following
UVB irradiation. Cultured keratinocytes were exposed
to UVB (290–320 nm, 300 J per m2) and then incubated at
37°C for various intervals before harvesting. Immediately
following UV exposure, the heat shock transcription
factor 1 (HSF1) dissociated from HSP72-HSF1 com-
Ultraviolet radiation (UVR) can significantly damagehuman skin and is strongly implicated in the patho-genesis of skin cancer (Young, 1990; Kelfkens et al,1990). Protection of epidermal cells from UVR-induced injury is mediated by several mechanisms
including repair of DNA damage, activation of antioxidant enzymes,
increased melanin pigmentation, and the expression of heat shock
proteins (HSP) (Maytin, 1992; Peak et al, 1993). HSP are a family of
proteins whose expression is induced or enhanced in response to
various environmental stressors. HSP70, the most abundant HSP family
in eukaryotes, consists of both constituitive and stress-inducible forms
(e.g., HSP72) (Tavaria et al, 1996). The expression of HSP72 can be
induced by a range of stressors, including heat shock, hypoxia, heavy
metals, and UVR. Numerous studies have suggested that HSP play a
general protective role in cells subjected to stress (Liu et al, 1992;
Morimoto et al, 1994). It has been shown that HSP72 binds to unfolded
or misfolded proteins and assists in proper refolding, acting as a
‘‘molecular chaperone’’ (Georgopoulos and Welsh, 1993; Becker and
Craig, 1994).
In human keratinocytes, HSP72 is apparently constitutively expressed
(Trautinger et al, 1993) and is further induced by many different
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plexes, underwent trimerization and phosphorylation,
and demonstrated DNA binding activity to the heat
shock element in the promoter region of the hsp72
gene. UVB also increased hsp72 mRNA, with peak levels
observed 1–3 h post-UVR. HSP72 protein was constitu-
tively expressed in keratinocytes, and its expression was
increased by UVB, with maximum levels at 6 h post-
UVR. The stress response may be extremely important
in the protection of human skin from UVB radiation,
and modulation of heat shock protein expression and/
or function offers a potential therapeutic target in the
prevention of photoaging and skin cancer. Key words:
stress response/ultraviolet light. J Invest Dermatol 111:194–
198, 1998
stressors, including heat (Maytin et al, 1990; Edwards et al, 1991;
Muramatsu et al, 1992; Trautinger et al, 1993, 1995), cold (Holland
et al, 1993), psoralen plus ultraviolet A light (Muramatsu et al, 1993),
and ultraviolet B (UVB) irradiation (Muramatsu et al, 1992; Garmyn
et al, 1995). The hypothesis that the heat shock response might protect
keratinocytes against UVR-mediated damage is supported by the
observation that hyperthermia induces resistance to UVB in ker-
atinocytes in vitro (Maytin et al 1990, 1993; Trautinger et al, 1995) and
in vivo (Kane and Maytin 1995). HSP72 has been implicated as the
mediator of this protective effect (Trautinger et al, 1995; Simon
et al, 1995).
The regulation of UVR-induced expression of HSP72 in human
keratinocytes is poorly understood, as are the mechanisms by which
HSP72 protects the cell against UVR-mediated damage. Transcriptional
regulation of heat shock genes in response to heat stress is well
characterized in eukaryotic systems and is offered as a paradigm for
inducible genomic responses (Sorger, 1991; Morimoto et al, 1992,
Morimoto, 1993). Regulation of heat shock gene expression is mediated
by heat shock transcription factor (HSF) that binds to specific sequences
in the promoter region of heat shock genes called heat shock element
(HSE). This model postulates that in the unstressed cell, HSF is
maintained in a monomeric, non-DNA binding form, likely through
interaction with HSP72, which may stabilize this inactive HSF con-
formation (Abravaya et al, 1992; Nunes and Calderwood, 1995). Stress
causes HSP72 binding to denatured proteins, allowing trimerization of
HSF, its translocation to the nucleus, and binding to HSE. Phosphoryla-
tion of the HSF trimer is required to initiate gene transcription (Cotto
et al, 1996). The resulting increased levels of hsp72 mRNA and
subsequently HSP72 protein allow reformation of HSF-HSP72
complexes, thus negatively regulating the response.
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The current model of transcriptional regulation of HSP genes is
supported by data obtained using immortalized human cell lines and
stressors such as heat shock, toxic chemicals, or osmotic shock (Baler
et al, 1993; Huang et al, 1995). To our knowledge, this model has not
been tested in primary cultures of non-transformed human cells, nor
has it been established that induction of HSP expression by UVB
occurs via this pathway. This stress response may be extremely important
in the protection of human skin from UVB-induced injury. An
age-related decrease in the induction of HSP72 has recently been
demonstrated in normal human skin (Muramatsu et al, 1996). A
suboptimal stress response in keratinocytes may predispose skin to
photoaging and cancer development, although this hypothesis has yet
to be proven, and the possibility that inhibition of UV-induced cell
death might even enhance photocarcinogenesis must be considered.
Nevertheless, HSP function offers a potential therapeutic target for
modulation of sun-induced skin aging and carcinogenesis. Therefore,
as a first step in understanding the mechanisms by which HSP protect
the skin from UV damage, we have examined the transcriptional
regulation of HSP72 gene expression by HSF1 in primary cultures of
human epidermal keratinocytes.
MATERIALS AND METHODS
Cell culture and UV irradiation Primary human keratinocyte cultures
(Clonetics, San Diego, CA) were grown in keratinocyte basal medium
(Clonetics) containing bovine pituitary extract (30 ng per ml), human epidermal
growth factor (0.1 ng per ml), insulin (5 ng per ml), hydrocortisone (0.5 ng
per ml), and antibiotics (50 µg gentamicin per ml, 50 ng amphotericin-B per
ml) at 37°C in air with 5% CO2. When cultures reached 80% confluence,
medium was removed and plates rinsed twice with phosphate-buffered saline
(PBS) at 37°C. Cells were immediately subjected to ultraviolet B (UVB)
irradiation (290–320 nm), using a bank of four unfiltered FS40 T12 sunlamps
(Westinghouse, Bloomfield, NJ). The intensity of the UV light was measured
by an IL 700 radiometer fitted with a WN 320 filter and an A127 quartz
diffuser (International Light, Newburyport, MA). Cells were irradiated with an
intermediate dose of UVB, 300 J per m2 (Cotton and Spandau, 1997), which
in monolayer cultures of primary human keratinocytes results in µ20% cell
killing as measured using propidium iodide nuclear staining and morphologic
evaluation of cell death (V. Tron, unpublished observations). Following UVB
exposure, fresh medium was added and cells were incubated at 37°C for various
intervals before harvesting.
Western blotting analysis Keratinocyte cultures were washed three times
with ice-cold PBS and lyzed in RIPA buffer [1% Nonidin P-40, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 100 µg phenylmethyl-
sulfonylfluoride per ml, and 2 mM NaVO4 in PBS] on ice for 30 min. Cell
lysates were centrifuged at 14,000 3 g for 15 min at 4°C. The supernatant was
recovered as the whole-cell lysate, and its protein concentration was determined
using BCA protein assay reagent (Sigma, St. Louis, MO). Proteins in the whole-
cell lysates were fractionated using SDS-polyacrylamide gel electrophoresis (10%
separating gel), transferred onto nitrocellulose membrane, and incubated in a
blocking solution of 3% non-fat milk powder in PBS-T (0.8% Tween 20) for
3 h. Blots were then incubated with either polyclonal anti-HSP72 antibody
(Santa Cruz Biotechnology, Santa Cruz, CA, 1:1000 dilution) or polyclonal
anti-HSF1 antibody (Affinity Bioreagents, Golden, CO; 1:1000 dilution), and
subsequently with horseradish peroxidase-conjugated goat anti-rabbit secondary
antibody (Santa Cruz Biotechnology). The antigen-antibody complex was
detected using enhanced chemiluminescence (ECL, Amersham, Arlington
Heights, IL). For protein dephosphorylation experiments, 50 µg of cell lysate
(in the absence of phosphatase inhibitor NaVO4) were incubated with 15 units
of alkaline phosphatase (Boehringer, Laval, Canada) and protease inhibitors
(2 µg aprotinin per ml, 2 µg phenylmethylsulfonylfluoride per ml, and 20 µg
leupeptin per ml) at 37°C for 1 h, and the reaction mixtures were subjected to
SDS-polyacrylamide gel electrophoresis. For determining the formation of
HSF1 oligomers post-UVB, 3 mM ethylene glycol-bis(succinimidylsuccinate)
(Pierce, Rockford, IL) was added to 100 µg of protein extract. Reaction was
carried out at room temperature for 30 min, and then quenched by addition
of 150 mM Tris buffer (pH 7.4). Protein samples were analyzed by western blot.
Immunoprecipitation Keratinocyte cultures were washed twice with ice-
cold PBS and lysed in RIPA buffer (1 ml for each 75 cm2 flask). To each
sample, 2 µg of anti-HSF1 antibody was added and incubated at 4°C for 2 h.
Subsequently, the samples were combined with 2 mg of protein A-agarose,
incubated at 4°C for 1 h, and centrifuged at 14,000 3 g for 20 s. The pellet
was collected, washed three times with RIPA buffer and once with PBS, and
was finally dissolved in SDS-gel sample buffer and subjected to western
blot analysis.
Northern blotting analysis Total RNA was isolated from keratinocytes
using TriZol reagent (Life Technologies, Mississauga, Canada). Equal amounts
(15 µg) from each sample were electrophoresed on a 1% formaldehyde-
denatured agarose gel, and transferred onto Hybond-N nylon membrane
(Amersham) using the alkaline downward transfer method (Chomczynski,
1992). The membrane was stained with 0.3% methylene blue to visualize the
28S and 18S rRNA, which were used as internal controls to confirm equality
of RNA loading. The membrane was incubated in prehybridization solution
[63sodium citrate/chloride buffer (13sodium citrate/chloride buffer containing
0.15 M sodium chloride and 0.015 M sodium citrate, pH 7.0), 10 mM Tris,
pH 7.5, 10 mM ethylenediamine tetraacetic acid, 0.5% SDS, 100 µg yeast
RNA per ml, and 13Denhardt’s reagent] for 1 h at 60°C and subsequently in
hybridization solution (prehybridization solution containing 32P-labeled human
hsp72 gene probe) for 16 h at 60°C. The human hsp72 gene probe was a
760 bp Hind III fragment excised from a 4 kb cDNA clone (Stressgen, Victoria,
Canada), and labeled with 32P-dCTP (Amersham) using a Random Primers
Labeling kit (Life Technologies). Following hybridization, the membrane was
washed once in a solution containing 23sodium citrate/chloride buffer and
0.1% SDS at room temperature for 30 min and twice in a solution containing
0.23sodium citrate/chloride buffer and 0.1% SDS at 60°C for 20 min each.
The membrane was briefly dried and autoradiographed with Kodak XAR film.
Gel mobility shift assay Nuclear extracts from keratinocytes were
prepared using a previously described method (Li et al, 1991). Briefly, cells
were washed twice with ice-cold PBS and harvested in buffer A [10 mM
HEPES (pH 7.9), 1.5 mM MgCl2, 10 mM KCl, 0.5 mM dithiothreitol, and
1 mM NaVO4], passed through a 28-gauge needle 15 times on ice, and
centrifuged at 14,000 3 g for 8 s. The pellet was suspended in ice-cold buffer
C [20 mM HEPES (pH 7.9), 25% glycerol, 420 mM KCl, 1.5 mM MgCl2,
0.2 mM ethylenediamine tetraacetic acid, 0.5 mM dithiothreitol, 1 mM
phenylmethylsulfonylfluoride, and 1 mM NaVO4] and incubated on ice for
20 min. An equal volume of buffer D (buffer C without KCl and Mg2Cl) was
added, and the lysate was centrifuged at 14,0003g for 15 min at 4°C. The
supernatant was recovered as nuclear extract and stored at –80°C. Protein
concentrations in the nuclear extracts were measured using BCA protein assay
reagent (Sigma). The DNA-protein binding reaction using a band shift assay
kit (Pharmacia Biotechnology, Uppsala, Sweden) was carried out by incubating
15 µg of the nuclear extracts with 10 µl reaction buffer solution [20 mM
HEPES (pH 7.9), 10% glycerol, 3 µg of poly(dI-dC)(dI-dC), 1 µg of denatured
calf thymus DNA, 100 mM NaCl, and 1 mM ethylenediamine tetraacetic acid]
and 100,000 cpm of 32P-labeled HSE that was labeled by the method of 59
filling-in using the Klenow enzyme (Sambrook et al, 1988). Mutant HSE
sequence (see below) was used as a negative control. For competition experi-
ments, 503molar excess of unlabeled HSE or HSE-mutant was incubated with
15 µg of the nuclear extracts for 15 min on ice prior to adding the reaction
buffer solution and 32P-labeled HSE. The oligonucleotides corresponding to
the sequences of human HSE (the sequence between –107 to –84 of human
hsp72 gene, 59 TATGCGAAACCCCTGGAATATTCC 39 and its comple-
mentary strand; the underlines denote the consensus NGAAN sequence of
HSE) and a mutant form of the HSE (HSE-M) (59 TATGCTAA-
ACCGCTGCAATACTCC 39 and its complementary strand, the underlines
denote the mutant positions) were synthesized in the Department of
Biochemistry, University of British Columbia. Reaction mixtures were incub-
ated for 25 min at room temperature followed by electrophoresis in a 4.5%
native polyacrylamide gel in 0.53TBE buffer (44.5 mM Tris, pH 8.0, 1 mM
ethylenediamine tetraacetic acid, and 44.5 mM boric acid) for 2 h at 150 V.
The gel was dried and autoradiographed with Kodak XAR film.
RESULTS
HSF is activated by UVB irradiation The activation of HSF1 has
been shown to be involved in the induction of HSP expression by
several environmental stressors (e.g., heat shock and osmotic shock)
(Baler et al, 1993; Huang et al, 1995). UVB irradiation activated HSF1
in human keratinocytes as evidenced by HSF phosphorylation and
binding of this transcription factor to the HSE in the hsp72 gene
promoter region. Using western blotting analysis, HSF1 demonstrated
reduced electrophoretic mobility following UVB, indicative of protein
phosphorylation (Sarge et al, 1993). HSF1 phosphorylation occurred
immediately after UV treatment, lasted for 3 h, and disappeared
6 h after UV treatment (Fig 1A). Dephosphorylation using alkaline
phosphatase treatment of the 1 h post-UVB sample resulted in increased
mobility of the HSF1 band to control levels (data not shown). In
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Figure 1. Activation of HSF1 by UVB irradiation. Human keratinocytes
were irradiated with UVB (300 J per m2) and then harvested at various
times: lane 2, 5 min; lane 3, 15 min; lane 4, 30 min; lane 5, 1 h; lane 6, 3 h;
and lane 7, 6 h. Lane 1, control (without UVB treatment). (A) Western blot
analysis using a polyclonal antibody against HSF1. A shift of gel mobility of
HSF1 is noted following UVB irradiation, indicative of phosphorylation of
HSF1. * and ** indicate the unphosphorylated (80 kDa) and phosphorylated
HSF1 (88 kDa), respectively. (B) Trimerization of HSF1 following UVB
irradiation. HSF1 was cross-linked and analyzed using western blot analysis.
Figure 2. Gel mobility shift assay of the DNA-binding activity of HSF1.
Human keratinocytes were treated with UVB (300 J per m2) and then harvested
at various times: lane 2, 5 min; lane 3, 30 min; lane 4, 1 h; and lane 5, 3 h.
Lane 1, control (without UVB treatment). Binding of HSF1 in the nuclear
extract to 32P-labeled HSE results in retardation of HSE mobility.
addition, using a native gradient gel, we observed the formation of an
HSF1 trimer following UVB irradiation, with a similar time course as
HSF1 phosphorylation and increased DNA binding activity (Fig 1B).
As demonstrated using gel mobility shift assay, HSF1 acquired DNA
binding activity following UVB irradiation. This activity was maximal
30 min to 1 h after irradiation, and decreased at 3 h post-UVB (Fig 2).
The time course of HSF1 phosphorylation correlated well with
induction of the DNA binding activity of this transcription factor.
UVB increases hsp72 mRNA and hsp72 protein expression in
keratinocytes The effect of UVB irradiation, at a physiologically
relevant dose (300 J per m2), on HSP72 expression in primary cultures of
Figure 3. Induction of hsp72 mRNA and protein by UVB irradiation.
Human keratinocytes were treated with UVB (300 J per m2) and harvested at
various times: lane 2, 30 min; lane 3, 1 h; lane 4, 3 h; lane 5, 6 h; and lane 6,
24 h. Lane 1, control (without UVB treatment). (A) Northern blot analysis of
hsp72 mRNA from keratinocyte samples. A 32P-labeled DNA probe containing
the coding sequence of human hsp72 gene was used to detect message. (B)
Western blot analysis using a polyclonal antibody against HSP72.
Figure 4. Association between HSF1 with HSP72. Human keratinocytes
were treated with UVB (300 J per m2) and harvested at various times: lane 2,
5 min; lane 3, 15 min; lane 4, 1 h; lane 5, 3 h; lane 6, 6 h; and lane 7, 24 h.
Lane 1, control (without UVB treatment). HSF1 was immunoprecipitated from
the total protein samples, and the immunoprecipitates were analyzed by western
blot using antibody against HSP72. HSP72 coimmunoprecipitated with HSF1
in control samples, and UVB treatment immediately disrupted this
coimmunoprecipitation. Twenty-four hours following UVB treatment, the
coimmunoprecipitation of HSP72 with HSF1 was again observed, suggesting
reassociation of this complex.
human epidermal keratinocytes is shown in Fig 3. Human keratinocytes
constitutively expressed low levels of HSP72, an inducible member of
the HSP70 family in other eukaryotic cells. HSP72 protein expression
increased in response to UVB irradiation, peaking at 6 h post-UVB
(Fig 3B). Hsp72 mRNA was also constitutively expressed at low levels,
and UVB increased the expression of this message with maximum
levels observed 1–3 h after irradiation (Fig 3A). The levels of both
HSP72 protein and its mRNA decreased to control levels 24 h after
UVB irradiation.
UVB causes dissociation of HSF and HSP72 As demonstrated
above, HSF1 was activated immediately by UVB irradiation in human
keratinocytes. To study the mechanism by which HSF1 protein was
rapidly mobilized for activation, we examined the possible association
between HSF1 and other proteins, in particular HSP72. Immuno-
precipitation experiments using anti-HSF1 antibody demonstrated
HSP72 coimmunoprecipitation with HSF1 in unirradiated or sham-
irradiated human keratinocytes. Immediately following UVB
irradiation, however, the levels of HSP72 coimmunoprecipitated with
HSF1 substantially decreased (Fig 4), suggesting dissociation of an
HSP72-HSF1 complex. Levels of coimmunoprecipitated HSP72
returned to near pre-UVB levels 24 h after UVB treatment. Although
we cannot completely rule out a nonspecific anti-HSF1 and HSP72
interaction, the initial decreasing levels of HSP72 post-UVB irradiation
and the subsequent rise at 24 h would be inconsistent with this.
DISCUSSION
As the major damaging component of natural sunlight, UVB has
been reported to initiate the stress response in human keratinocytes,
characterized by the expression of various HSP in mouse keratinocytes
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(Maytin, 1992), and induction of HSP72 in mouse epidermis (Brunet
and Giacomoni, 1989), human keratinocyte cell cultures (Garmyn et al,
1995), and organ cultured normal human skin (Muramatsu et al, 1992).
Our study demonstrates that UVB, like stressors such as heat shock,
activates HSP expression through transcriptional regulation and that this
mechanism is active in primary cultures of nontransformed human cells.
Under normal conditions, prior to UVB irradiation, our coimmuno-
precipitation data suggest that HSF1 is associated with HSP72. UVB
treatment resulted in rapid dissociation of the HSP72-HSF1 complex.
The association between HSF1 and HSP72 in the resting state may
act to modulate HSF1 transcriptional activity, possibly through control
of HSF trimer formation (Rabindran et al, 1994). Dissociation of the
HSP72-HSF complex occurs when cells are exposed to UVB radiation,
and subsequently, HSF1 undergoes trimerization, phosphorylation, and
increased binding activity to HSE, in the hsp72 promoter region. These
three aspects of HSF1 activation are known to be required for activation
of hsp72 gene transcription following heat shock or osmotic shock
(Baler et al, 1993; Huang et al, 1995).
Following activation of HSF1 by UVB, hsp72 gene expression and
protein levels were increased in human keratinocytes. The time course
of these two events was well correlated with that of HSF1 activation.
The enhanced expression of HSP72 protein in keratinocytes was
maximal 6 h after UVB treatment, a result identical to previous studies
using heat shock as a stressor in keratinocytes (Maytin, 1992; Maytin
et al, 1993). This time course is very different from that for HSP72
induction in human lymphocytes by heat, in which maximum expres-
sion is observed at 2 h following stress (Hansen et al, 1991). Unlike
other human cell types such as lymphocytes or hepatocytes (Hansen
et al, 1991; Heydari et al, 1993), human keratinocytes constitutively
express HSP72 at low levels (Trautinger et al, 1993), a finding confirmed
in this study. This feature may reflect the physiologic importance of
HSP72 in human keratinocytes, a cell type exposed to various
environmental stressors and possibly requiring the constant presence
of HSP. The relative delay in HSP72 induction in keratinocytes may
simply reflect a replenishment of cell HSP72 stores, rather than an
acute stress response. Alternatively, HSP72 may play a role in delayed
cell recovery following UVB, a process that includes post-replication
repair and recovery of DNA synthesis. Such a function of UVR-
induced HSP72 expression has been proposed in human fibroblasts
exposed to UVC irradiation (Suzuki and Watanabe, 1992).
The physiologic significance of UVB-induced HSP expression in
normal human keratinocytes is not known. It is anticipated that the
enhanced expression of HSP72 will protect other cellular proteins from
damage caused by UV irradiation, allowing the keratinocytes to
efficiently cope with stress. Skin exposed to an elevated temperature
(40°C) prior to UVB irradiation exhibits a reduced rate of epidermal
cell apoptosis (Kane and Maytin, 1995). Rates of HSP72 synthesis
parallel the development and decline of UVB resistance following heat
treatment in keratinocytes (Maytin et al, 1993), and HSP72 has been
shown to mediate the effect of preheat treatment in the protection of
myocardial cells from ischemic/reperfusion damage (Plumier and
Currie, 1996). There is direct evidence that HSP72 may play a role
in the protection from UVB-induced injury in human epidermoid
carcinoma cells (Trautinger et al, 1995) and in murine fibrosarcoma
cells (Simon et al, 1995).
Finally, little is known about the signal transduction pathways
involved in the response of keratinocytes to UVB, specifically, what
factors regulate HSF1/HSP72 interactions and HSF1 phosphorylation.
Mammalian cells respond to UVC radiation by a rapid and selective
increase in gene expression mediated by the transcription factor
AP-1, following activation of c-Jun (Devary et al, 1991). c-Jun is
phosphorylated by c-Jun NH2-terminal kinase (JNK1) (Hibi et al,
1993), also known as stress-activated protein kinase (SAPK), a member
of the mitogen-activated protein kinase (MAPK) family (De´rijard et al,
1994). We have recently observed that SAPK is phosphorylated
post-UVB in primary cultures of human keratinocytes (X. Zhou,
unpublished data), implicating this signal transduction pathway in the
response of normal human cells to UVR. Whereas MAPK has been
shown to negatively regulate the heat shock response in NIH3T3 cells,
presumably by hyperphosphorylating HSF1 (Mivechi and Giaccia,
1995 ), the possible role of SAPK in regulating HSF activity is not
known. The importance of these stress-activated signaling pathways to
the UVR-induced heat shock response remains to be elucidated.
In summary, this study demonstrates transcriptional regulation of
HSP72 expression induced by UVB irradiation in normal human
keratinocytes, in keeping with previous results obtained in transformed
cells using other environmental stressors. The mechanisms by which
HSP72 protects keratinocytes against UV damage and the signaling
pathways involved in mediating this UVB-induced stress response
remain to be resolved. The UV-induced heat shock response in human
skin may be a potential target in future preventative strategies against
photoaging and skin cancer.
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